Atom interferometers covering macroscopic domains of space-time are a spectacular manifestation of the wave nature of matter. Due to their unique coherence properties, BoseEinstein condensates are ideal sources for an atom interferometer in extended free fall. In this paper we report on the realization of an asymmetric Mach-Zehnder interferometer operated with a Bose-Einstein condensate in microgravity. The resulting interference pattern is similar to the one in the far-field of a double-slit and shows a linear scaling with the time the wave packets expand. We employ delta-kick cooling in order to enhance the signal and extend our atom interferometer. Our experiments demonstrate the high potential of interferometers operated with quantum gases for probing the fundamental concepts of quantum mechanics and general relativity.
Quantum theory [1] and general relativity [2] are two pillars of modern physics and successfully describe phenomena of the micro-and the macro-cosmos respectively. So far they have resisted any attempt of complete unification and quantum gravity [3] is generally considered the Holy Grail of physics. Experimental tests of gravity [4] with matter waves [5] started as early as 1975 with neutrons [6, 7] . Today, atom interferometers (AI) [8] offer new opportunities to probe the interface of these fundamentally disparate descriptions of nature. The coherent evolution of quantum objects delocalized in space-time [9] , the verification of the Einstein principle of equivalence with quantum objects [10] and the detection of gravitational waves [11] constitute only three of many timely quests motivating experiments with AI in extended free fall. The overarching aim is to enhance the sensitivity of these devices, which increases linearly with the momentum difference between the two matter waves [12] emerging from a beam splitter and quadratically with the time of free fall as experienced in fountains [10, 13] , drop towers [14] , parabolic flights [15] and space [16] . These scaling laws imply constraints with respect to the atomic source. Thanks to their slow spreading and their excellent mode properties, Bose-Einstein condensates (BECs) [17, 18] represent a promising source [9] for high-resolution interferometers [19] [20] [21] .
In this letter, we report on the demonstration of a BEC-interferometer in microgravity. Taking advantage of the extended free fall provided at the drop-tower of the Center of Applied Space Technology and Microgravity (ZARM) in Bremen, we have been able to coherently split a BEC consisting of about 10 4 87 Rb atoms and to separate the emerging wave packets over macroscopic scales in time and space. The interferometer extends over more than half a second and covers distances of millimeters, exceeding the width of the condensate by an order of magnitude. By applying delta-kick cooling (DKC) [22] [23] [24] we have been able to reduce the expansion and to enhance the signal at longer interferometry times.
Our experiments are performed with an asymmetric Mach-Zehnder interferometer (AMZI) [19, 25] shown in Fig. 1 . Here we display the temporal evolution of the atomic density distribution of the BEC-interferometer for an experiment on ground [ Fig. 1(a) ] and the corresponding experimental sequence for forming the interferometer [ Fig. 1(b) ]. A macroscopic wave packet is coherently split, redirected and brought to a partial overlap by successive Bragg scattering at moving light-crystals [26] [27] [28] . They are generated by pulses of two counter-propagating laser beams separated by the two-photon recoil energy of 15 kHz and detuned from the F=2 → F=3 transition of the D 2 line of 87 Rb by 800 MHz to reduce spontaneous scattering. There exists a close analogy to the Young double-slit experiment [ Fig. 1(c) ], where one pair of overlapping BECs plays the role of a pair of coherent light waves emanating from two slits separated by a distance d. Similar to the resulting interference pattern in the far-field of the double-slit, the fringe spacing in our expanding cloud, being the distance between two local maxima of the density, increases with the total expansion time T ex of the BEC and is inversely proportional to the displacement d of the two clouds. for the ground experiment. The interferometer starts at the time T 0 after the release of the BEC, when a π/2-pulse (b) made out of two counter-propagating light beams of frequency ω and ω + δ creates a coherent superposition of two wave packets which drift apart with the two-photon recoil velocity v rec = 11.8 mm/s. After T they are re-directed by a π-pulse and partially recombined after T − δT by a second π/2-pulse. A nonzero value of δT leads to a spatial interference pattern, which we record after τ = 53 ms in free fall.
Similar to the far-field pattern observed in the Young double-slit experiment (c), the fringe spacing λ scales linearly with the time of expansion T ex = T 0 + 2T − δT + τ and is inversely proportional to the separation d = v rec δT of the wave packets. The scaling factor is the ratio of Planck's constant h and the mass m Rb of the Rubidium atoms.
apparatus [14] in three important features: (i) We employ DKC to reduce the expansion during the free fall by briefly (2 ms) switching on the trap with frequencies of (10, 22, 27) Hz generated by the atom chip 30 ms after the release. (ii) In order to eliminate detrimental effects of residual magnetic fields we transfer the BEC into the non-magnetic state |F = 2, m F = 0 by coupling the Zeeman levels with a chirped radio-frequency pulse (adiabatic rapid passage). (iii) At the time T 0 after the release of the BEC, we implement the sequence of the AMZI outlined in Fig. 1 and detect the interference pattern at T ex after the release using absorption imaging with a single laser pulse as illustrated in Fig. 2(b) . In Fig. 2(c) we show typical images of the interfering BECs and the corresponding column density profiles for two different values of T ex . The expansion rate of the BEC due to the mean-field energy is a limiting factor for extending the interferometer to even longer time scales. It can be reduced by DKC, which acts on the BEC like a three-dimensional lens. Indeed, in our experiments DKC realized with the atom chip eliminates a substantial part of the kinetic energy of the BEC, giving rise to an effective temperature of about 1nK. The method allows us to extend the observation of the free evolution of the BEC and was tested with our AMZI. The experimental observations (red squares) of the fringe spacing agree well with the theoretical predictions (solid red line) for a double-slit experiment with delta-kick cooled atoms. In order to reach even longer times (black triangles), we have adjusted the detection time τ such that the patterns of the two exit ports overlap, thus increasing the absorption signal.
As shown in Fig. 3(b) , we observe a contrast of more than 40%, even at times 2T − δT as large as half a second. However, then the contrast decreases with the time over which the wave packets are separated, and generally with the expansion time of the BEC. The observed reduction is non-exponential in time and uniform over the cloud. In this respect the asymmetric interferometer puts more severe constraints on the set up than the symmetric one. However, it allows us to analyze various effects perturbing the interferometer. A preliminary analysis shows that the reduction may be due to an imperfect alignment of the beam splitters, inhomogeneous wavefronts or disturbances resulting from a slight capsule rotation. A more detailed discussion is subject to future investigations.
In conclusion, we have followed the evolution of the temporal coherence of an asymmetric Mach-Zehnder interferometer with a BEC in microgravity, which is analogous to Young's doubleslit experiment with a gigantic matter wave packet being in free fall for nearly a second. All preparatory steps necessary for high-precision interferometry are implemented with the help of a robust chip-based BEC source. Our device represents a unique testbed for exploring atom interferometry with novel states of matter in extended free fall. In particular, it allows us to test tools of atom optics, such as the precise mode control of BEC with DKC at energy scales approaching pK temperatures. These concepts are essential for high-resolution measurements both in fountains and in microgravity. Moreover, the free fall of our apparatus results in a rather compact interferometer. Indeed, a fountain-like interferometer would need more than hundred meters to achieve the time of free fall provided by the catapult at the ZARM. Last but not least, our experiment paves the way for quantum tests of the weak equivalence principle on sounding rockets, the International Space Station and satellite missions [30] parallel to the chip surface and perpendicular to the detection axis so that the interference fringes can be detected by means of absorption imaging. In the data presented, we use box-shaped pulses and Gaussian-shaped pulses. The experiments showed that the pulse shape does not influence the contrast nor the signal of the interference pattern in the presented data. For this reason, we did not distinguish between the pulse shapes in Fig. 3 .
State preparation
For the preparation of the BEC in the non-magnetic state |F = 2, m F = 0 we an adiabatic rapid passage 31 (ARP). For the state transfer we apply a homogeneous static magnetic field of 11 G in x-direction and combine this with a 3.8 ms long RF-sweep from 7.714 MHz to 7.754 MHz. After the interferometer sequence a quadrupole field in Stern-Gerlach configuration is applied to split the atoms according to their hyperfine-state and to ensure that only atoms in the non-magnetic state contribute to the interference pattern. In this way we are also able to verify transfer efficiencies to the non-magnetic state of about 90%.
Detection and analysis of absorption images
The atomic clouds are probed with a laser beam on the F = 2 → F = 3 transition where the intensity of the detection beam is typically about 5% of the saturation intensity of the transition.
Two images are taken in each experiment with a charge-coupled-device (CCD) camera (Hamamatsu C8484-15G): First the shadow of the cloud in the detection beam is recorded providing us with the intensity I atoms . This beam heats the atoms and expels them from the imaging region. Then the detection beam is imaged in the absence of any atoms yielding I beam . Both intensities I atoms and I beam are corrected for the camera dark image I dark and we obtain the optical density
and the atomic column density
with the resonant cross section σ.
To extract the contrast and the fringe spacing from the images of the interferometer output A3 ports, we sum the column densities along z and fit the function
to the 1D profiles with a nonlinear least squares method. Here, y 1 and y 2 are the centers of the two output ports, σ y the width of their Gaussian envelopes, λ the fringe spacing and C the contrast shown in Fig.3(a) and Fig.3(b) respectively, while n 0,1D accounts for an offset due to intensity fluctuations between the images. The phase ϕ would be read out for an interferometric measurement of e.g. inertial forces. For long observation times a tilt of the interference fringes with respect to the z-axis is observed, which is compensated by aligning the image before we calculate the column density along z. Error bars in Fig.3 are standard deviations calculated via the fitted model and multiple noise realizations. Figure A4 displays the decaying signal to noise ratio
of the integrated atomic density with and without delta kick cooling (DKC) as a function of time, with ν rms being the RMS of the fit residuals. Due to the spreading of the atomic wave packet, in the linear regime the 1D atomic density decreases according to
with the total atom number N , expansion rate α and an offset β. Thus, in the case of DKC the SNR falls off with a slower rate and is doubled by overlapping the output ports, allowing us to detect the atoms after longer times T ex than in the free case. pattern could not be obtained by fitting the data with the period as a free parameter, so these data points were discarded in Fig. 3 . The inset presents the observed contrast in relation to the SNR for all datapoints.
The contrast was obtained by fitting the function n 1D given by. Eq. (3) to the experimental data (blue circles, red squares and black triangles) and to synthetic data (black dashed line) generated from Eq. (3) for a vanishing contrast (C = 0) and noise in compliance with the observed SNR. For the synthetic data as well as for the discarded experimental data points the contrast was derived from fits with the fringe period fixed to the theoretical value. The agreement of both confirms the loss of contrast for long interferometer times 2T − δT . For smaller SNRs, the minimum detectable contrast increases, as indicated by the dashed line.
A5
Asymmetric Mach-Zehnder interferometer
We now turn to the theoretical description of our asymmetric Mach-Zehnder interferometer (AMZI). Here we only outline the essential ingredients of our formalism and present the main results relevant for the experiments described in our article. A more detailed treatment will be subject of a future publication.
Building blocks
We describe the BEC in our trap by a time-and position-dependent macroscopic wave function ψ = ψ(r, t) determined by the non-linear Gross-Pitaevskii equation (GPE). In all experiments reported in our article the trap is well approximated by a parabolic potential V which is also time-dependent since the BEC is released by turning off the trap. Another reason for considering a time-dependent V emerges from the need to describe the technique of delta-kick cooling in our experiments. In these cases, the GPE can be well approximated by an almost analytical solution ψ = e iΦ ψ (TF) (r, t) consisting of the product of a phase factor and the Thomas-Fermi (TF) ground state wave function of the trap with a time-dependent rescaling of the spatial coordinates 14, 32-34 .
The so-defined time-dependent wave function ψ (TF) (r, t) is real and normalized at all times. Moreover, the phase Φ of ψ does not only depend on the space-time variables r and t but also on the center-of-mass (COM) motion of the BEC expressed by the time-dependent coordinate R = R(t) and momentum P = P(t). In contrast, the TF-wave function ψ (TF) is only a function of the difference r − R(t) and t.
The interaction of the BEC with a Bragg pulse at a time t p can change the instantaneous momentum P(t p ) of the COM motion by ± k, where k is the effective wave vector of the Bragg pulse, but leaves the position R(t p ) untouched. Moreover, the wave imprints a phase on the BEC given by the sum of k · R(t p ) and the phase φ(t p ) of the Bragg pulse. The wave function altered in this way is also multiplied by the imaginary factor (−i) resulting from the time-dependent Schrödinger equation.
When the parameters of the Bragg pulse are chosen to act as a 50:50 beam splitter, the BEC partly experiences a recoil and partly continues undisturbed with equal amplitudes. As a result, the COM motion is in a superposition of the original momentum P and P + k, or P and P − k with equal weights 1/ √ 2. When the pulse acts as a mirror, it changes the momentum by + k or − k with unit probability.
Wave functions at the exit ports
The description of the BEC with the help of the GPE and the effect of the Bragg pulses outlined above constitute the main building blocks of our formalism to analyze the AMZI shown in Fig. A5 .
A6
Our goal is to obtain the wave functions Ψ I and Ψ II of the BEC at the two exit ports I and II of the interferometer, which differ by the COM momentum of the BEC. Indeed, in port I it is the initial momentum P since both paths 1 and 2 have experienced two opposite momentum kicks. However, in port II it is P + k since both paths have received an odd number of kicks which is different in paths 3 and 4. In path 4 we have three exchanges of momenta, that is k − k + k = k, whereas in path 3 we have only a single one, that is + k.
In order to find the wave functions Ψ I and Ψ II at the two exit ports, we now solve the GPE including the momentum kicks imparted by the Bragg pulses starting with the initial TF-wave function of the ground state of the trap. We switch off the trap at t = 0 and evolve the BEC according to the GPE. This dynamics gives rise to a phase factor Φ 0 and a spreading of the TFwave function. The Bragg pulse at t 1 ≡ T 0 serving as a beam splitter either changes the COM motion due to the momentum transfer k and imprints phases on the BEC in addition to the Φ 0 accumulated before the pulses, or leaves it untouched. After the pulse the two BECs evolve for the time T according to the GPE in the absence of a potential, which provides us with additional dynamical phases.
The second Bragg pulse at t 2 ≡ T 0 + T acts as a mirror and imprints again a phase but also transfers momentum with unit probability. Hence, no splitting of the trajectories occurs. The ensuing dynamics of the BECs according to the GPE adds new dynamical phases, and the two BECs on the paths a and b approach each other till at t 3 ≡ T 0 + 2T − δT the third Bragg When this displacement d is small compared to the extension of the BEC, we can neglect it in the arguments of ψ (TF) , which acts as envelope of the wave functions contributing to each exit port. However, it is of crucial importance for the phases accumulated by the BEC on the two paths through the interferometer, since they depend in a sensitive way on the COM motion.
An execution of this procedure yields for t 3 < t the expressions
and
for the wave functions Ψ I and Ψ II in the two exit ports. Here α I , α II and α contain the phases imprinted by the Bragg pulses as well as the dynamical phases accumulated by the BEC along the two paths and determined by the GPE.
The two wave functions are centered around the positions R 1 (t) and R 3 (t) of the COM trajectory at t and the spatially dependent phase, leads to oscillations with wavelength
BEC densities: Near-field versus far-field
From Fig. A5 we note that at the final beam splitter, that is at t 3 , we have the equality R 1 (t 3 ) = R 3 (t 3 ), and due to the momentum difference of k between R 3 and R 1 we find the relation
for later times.
When ( |k|/m)τ is larger than the extension of the BEC given by ψ (TF) , we can separate the two exits and the BEC densities W I and W II following from (6) and (7) read
W II = ψ (TF) (r − R 3 (t); t) 2 sin 2 α 2 + md 2 t (r − R 3 (t)) .
Three features stand out most clearly in these expressions valid in the far-field limit: (i) The envelopes of W I and W II are given by the time-dependent TF-profiles ψ (TF) 2 centered at the COM coordinates R 1 (t) and R 3 (t) of the BEC at t.
(ii) The arguments of the trigonometric functions in W I and W II , which are also measured with respect to R 1 (t) and R 3 (t), have identical wavelengths given by (8) and depend on the total time from the release of the BEC from the trap till the measurement, denoted by T ex in the paper, and (iii) the two distributions are complementary, that is W I follows a cosine-and W II a sine-function.
It is also interesting to note that we would have obtained the same expression for W I if we had considered the free propagation of a superposition of two identical wave packets initially separated by d and with momentum P. Indeed, the fringe spacing λ in both situations is identical. In the corresponding analogy giving rise to W II the wave packets have the momentum P + k. It is in this sense that the AMZI is analogous to Young's double-slit configuration.
In the opposite limit, when ( |k|/m)τ is smaller than the extension of the BEC, the two wave functions Ψ I and Ψ II create an interference term I ≡ Ψ * I Ψ II + c.c. in the probability
From (6) and (7) we note that I contains the phase difference α I −α II , which apart from many other phases involves a term k · r due to the different COM momenta of the paths 3 and 1 after the last beam splitter and gives rise to oscillations of the term I with the optical wavelength. Our detectors cannot resolve such small structures and average instead over them, so that the contributions of the interference term I vanishes.
When we now arrange the detection time τ such that
we can make a cosine-out of the sine-function in W II , which amounts to a shift by λ/2 so that the maxima of W I and W II coincide.
Moreover, we recall that we are in the near-field regime where we cannot distinguish the two exit ports, that is we can replace the COM coordinate R 3 by R 1 in the prefactor ψ (TF) of W II , which finally yields the expression W = 2 ψ (TF) (r − R 1 (t); t) 2 cos 2 α 2 + md 2 t (r − R 1 (t)) (14) for the BEC density.
Hence, by working in the near field region, we have obtained a factor of two in the intensity of W which allowed us to obtain a higher signal and extend our measurements to longer times. In 
